Magnesium alloys are potential materials for use in biodegradable hard-tissue implants, but the fast degradation rate in a biological environment limits their applications. In order to improve the corrosion resistance, a dense, adhesive, and biocompatible Al 2 O 3 /Al bilayered coating is fabricated on AZ91 magnesium alloy by means of filtered cathodic arc deposition. The electrochemical behavior is systematically studied in simulated body fluids using a potentiodynamic polarization test, open-circuit potential evolution, as well as electrochemical impedance spectroscopy. Our results indicate that the corrosion resistance of the coated alloy is significantly enhanced. The deterioration mechanism and corrosion process of the coating during immersion are discussed. Because of their high strength, ductility, and good corrosion resistance, metallic materials, such as stainless steels, cobalt-based alloys, and titanium alloys, constitute an important class of materials in hard-tissue repair implants, especially load-bearing ones. However, because these materials do not spontaneously degrade after implantation into the human body, a second surgical procedure may be necessary after the tissues have healed. Repeated surgeries increase the costs as well as patient morbidity. In addition, the serious mismatch of the elastic moduli between most metallic biomaterials and natural bones results in stress-shielding effects that can lead to reduced new bone growth.
Because of their high strength, ductility, and good corrosion resistance, metallic materials, such as stainless steels, cobalt-based alloys, and titanium alloys, constitute an important class of materials in hard-tissue repair implants, especially load-bearing ones. However, because these materials do not spontaneously degrade after implantation into the human body, a second surgical procedure may be necessary after the tissues have healed. Repeated surgeries increase the costs as well as patient morbidity. In addition, the serious mismatch of the elastic moduli between most metallic biomaterials and natural bones results in stress-shielding effects that can lead to reduced new bone growth. 1 In this respect, biodegradable magnesium-based alloys have potential applications and good biocompatibility has been observed in earlier clinical examples as well as recent in vitro and in vivo assessments. [2] [3] [4] Some studies have also shown that the dissolved magnesium ions may promote bone cell attachment and tissue growth on the implants. [5] [6] [7] Unfortunately, pure magnesium and its alloys corrode too quickly at physiological pH 7.4-7.2 as well as in physiological media containing high concentrations of chloride ions, thereby losing mechanical integrity before the tissues have sufficient time to heal. 1, 2, 4, 8 Various methods, such as alkali-heat-treatment, 9 plasma immersion ion implantation ͑PIII͒, 10 Ti coating deposition, 11 and highpurity magnesium coating deposition, 12 have been developed to improve the corrosion resistance of Mg alloys. The magnesium hydroxide formed after the alkali-heat-treatment is typically loose and cannot provide sufficient protection for applications in human environment. Surface modification by plasma implantation usually can only provide short-term protection due to the thin modified surface layer. With regard to Ti and high-purity magnesium coatings, because of limitations imposed by conventional physical vapor deposition ͑PVD͒ methods, these coatings often have low packing densities, inferior microhardness, and poor adhesion to the substrate. Many of these shortcomings are the direct consequence of the energy of the atoms impacting the substrate during film growth. The high porosity and poor bonding strength of the deposited coating naturally lead to poor corrosion resistance and mechanical properties. Compared to conventional physical vapor deposition, the high kinetic energy and ionization rate ͑close to 100%͒ of ions created in a cathodic arc process favor the formation of a dense and adhesive coating on a large area. This plasma-based technique is thus versatile and cost effective for the fabrication of a myriad of metals, alloys, and compounds. 13 In biomedical engineering applications, the coatings must also possess favorable biocompatibility. Al 2 O 3 ceramic is an acceptable biomaterial due to its excellent hardness and tribological properties as well as desirable biocompatibility. [14] [15] [16] The high chemical stability of Al 2 O 3 also makes it a potential bioceramic coating. However, the biggest problem encountered in the deposition of Al 2 O 3 coatings on magnesium alloys using filtered cathodic arc deposition is the high chemical reactivity of magnesium. During deposition, as soon as magnesium contacts air or oxygen, a surface magnesium oxide layer forms, degrading the adhesion strength of the coating and adversely affecting the subsequent protection effects. In order to overcome this problem, a pure aluminum transition layer can be prepared prior to Al 2 O 3 deposition. It blocks direct contact between oxygen and magnesium during deposition of Al 2 O 3 , thereby inhibiting the formation of magnesium oxide. This transition layer can also buffer the serious mismatch between the mechanical properties between the magnesium alloy substrate and hard coating to enhance adhesion. In this work, an Al 2 O 3 /Al bilayered structure was fabricated on AZ91 magnesium alloy samples using a filtered cathodic arc deposition system. The structure of the coating was characterized. The electrochemical behavior of the coated alloy in simulated body fluids and the associated corrosion mechanism were systematically studied.
Experimental
Commercial extruded AZ91 Mg alloys were used in our experiments. The dimensions of the samples were 15 ϫ 15 ϫ 4 mm. They were ground with no. 4000 waterproof diamond paper, polished, and cleaned ultrasonically in alcohol. An Al 2 O 3 /Al bilayered coating was fabricated on the AZ91 magnesium sample using filtered cathodic deposition 17, 18 at room temperature. Argon sputter cleaning was performed at a bias voltage of 1000 V for ϳ30 min before deposition. A pure aluminum transition layer was first deposited for ϳ0.5 h, followed by deposition of the Al 2 O 3 coating for ϳ3 h using a bias voltage 100 V.
X-ray photoelectron spectroscopy ͑XPS͒ was employed to examine the chemical states of the elements in the coatings. Both surface and cross-sectional views were observed by scanning electron microscopy ͑SEM, Hitachi S4700͒. To prepare the cross section, the sample was mounted by resin and then ground, polished, and ultrasonically cleaned in alcohol. The samples were gold coated before SEM observation.
The electrochemical behavior of both the uncoated and coated AZ91 magnesium alloy in simulated body fluids ͑SBF͒ that have the same ion concentrations as human body fluids shown in Table I cell with the sample as the working electrode, saturated potassium chloride electrode as the reference electrode, and platinum electrode as the counter electrode was used. In the E corr -t test, the changes in the open-circuit potential were monitored as a function of immersion time for ϳ100 ks. The data were recorded every 50 s. A 2 mV/s scanning rate was applied during the potentiodynamic polarization test. The impedance data were recorded from 100 kHz to 10 mHz with a 10 mV sinusoidal perturbing signal at open-circuit potential. The lowest frequency was set to 10 mHz in order to reduce the time and potential noise interference. The EIS measurement may be affected by phase shifts from the potentiostat in the high-frequency region, and so the upper frequency limit was set at 100 kHz. 20 In the EIS measurement, the sample was immersed in the solution until the final test had been completed. In the analysis of the impedance data, the appropriate equivalent circuit ͑EC͒ that not only matched the physical structure of measured electrode system, but also was able to produce similar spectrum diagrams, was proposed. The values of the relevant components were fitted using ZSimpWin software. All the electrochemical tests were carried out at room temperature.
Results and Discussion
The Al 2 O 3 coating deposited at room temperature is generally amorphous and cannot be detected by X-ray diffraction. Hence, XPS is conducted to determine the chemical states of the major elements in the coating referenced to the C 1s peak. As shown in Fig. 1 , peaks originating from Al, O, Ar, and C are observed. The presence of carbon is mainly due to surface contamination from the ambient after deposition. The two insets in Fig. 1 are narrow scans of Al 2p and O 1s, respectively. The Al 2p peak at 75.2 eV suggests only one binding state, Al 3+ , in the coating. 21 Calculated from the peak areas of O 1s and Al 2p using archival sensitivity factors, the O to Al concentration ratio is ϳ1.5.
The surface SEM view of the as-deposited coating is displayed in Fig. 2 . The coating is observed to be uniform, dense, and free of pores. The cross-sectional SEM images in Fig. 3 indicate that the film is ϳ1 m thick. No pores or cracks can be observed throughout the layer, and good adhesion is also indicated. Compared to conventional PVD, the high kinetic energy and ionization rate ͑close to 100%͒ in the cathodic arc process favor the formation of adherent and dense Al 2 O 3 coatings. 16 One of the main problems for preparing oxide coatings on magnesium-based alloys is the formation of magnesium oxide. The formed oxide degrades coating adhesion and adversely affects the subsequent protection effects dramatically. The previously deposited pure aluminum layer mainly serves as a barrier that precludes direct contact between the magnesium substrate and oxygen species during subsequent deposition of Al 2 O 3 , thereby suppressing the formation of magnesium oxide. In addition, it should be noted that this transition layer can also buffer the stress resulting from serious mismatch in the mechanical properties between the soft Mg alloy substrate and hard Al 2 O 3 coating. Therefore, the bonding strength of the coating can be improved.
When magnesium and its alloys are soaked in an aqueous corrosion media, the following reaction takes place 22   Table I . EIS fitting results of coated AZ91 magnesium alloy. 22 Representative potentiodynamic polarization curves acquired from the uncoated and coated samples are displayed in Fig. 4 . The untreated sample has a fairly negative corrosion potential in SBF of about −1836 mV. The corrosion potential of the coated sample is nobler and shifts to about −1540 mV. It can also be observed that the corrosion current density of the coated sample is about two orders of magnitude lower than that of the uncoated sample, indicating a much lower corrosion rate on the coated sample. Based on these experimental results, the Al 2 O 3 /Al bilayered coating can indeed improve the corrosion resistance of AZ91 magnesium significantly.
The corrosion potential ͑E corr ͒ couples the results of all electrochemical reactions taking place at the electrode and solution interface, and the variation in the corrosion potential with immersion time can be employed to study the electrochemical processes. The potentials of the uncoated and coated AZ91 magnesium samples as a function of immersion time are exhibited in Fig. 5 . The corrosion potential of the coated sample is obviously more positive than that of the untreated sample, and the results are in good agreement with those obtained from the potentiodynamic polarization test. The potential of the uncoated sample shifts toward a nobler direction smoothly and gradually during the entire immersion duration. At the end of immersion, the potential tends to become constant. When the magnesium alloy is exposed to the corrosion medium, chemical dissolution together with electrolyte penetration results in spontaneous corrosion on the entire surface resulting in the formation of corrosion products. However, it is difficult for the corrosion products to precipitate in the microcathode ͑␤ phase͒ area where hydrogen is evolved. Because of the diffusion of OH − , the corrosion products precipitate mainly at the vicinity of the microanode ͑␣ phase͒. 20 As a result, the active region decreases and protection by the corrosion products layer is enhanced progressively with longer exposure time. This is why the corrosion potential increases during immersion. In addition to the formation of the corrosion products, chloride ions in the SBF can transform the surface MgO/Mg͑OH͒ 2 film into soluble MgCl 2 .
22 Dissolution of Mg͑OH͒ 2 makes the surface more active and simultaneously decreases the protected area, consequently promoting further dissolution of magnesium. After immersion for a sufficiently long time, an equilibrium between the formation and dissolution of the corrosion products is established, as manifested by a constant potential. No intense fluctuations in the potentials can be observed during the entire exposure time. Large fluctuations would imply that it is difficult for the electrode to establish equilibrium at the electrode/solution interface that can be attributed to changing of surface states and exposure environment. Hence, the smooth potential curve observed here suggests a general corrosion process that is not very sensitive to local corrosion. The corrosion potential of the coated sample initially rises quickly and then diminishes. This initial potential-time relationship is probably associated with the soaking process occurring on the electrode surface and/or electrostatic effects, which give rise to charging and discharging of the interface with the electrical double layer. 20 With prolonged immersion time, the potential moves toward a nobler direction smoothly and gradually. It is known that during immersion, electrolytes penetrate into the coating gradually. When the electrolytes reach the Al 2 O 3 /Al interface, passivation of the Al surface is thought to occur and an Al͑OH͒ 3 /Al 2 O 3 ·͑H 2 O͒ protective film is formed. 23, 24 It is probably the reason for the gradual enhancement of the corrosion potential during immersion. No intensive fluctuations are observed in the corrosion potentials of the coated sample during the entire immersion time, indicating a stable state of the as-coated sample in the SBF.
EIS is a powerful technique that can be used to study corrosion of metals or coated alloys. It can provide quantitative evaluation of corrosion properties of the system that would have been difficult using conventional electrochemical measurements, such as potentiostatic or potentiodynamic techniques. By appropriate interpretation of the EIS data based on an EC model, the detailed information on the corrosion process at the electrolyte/electrode interface can be revealed. Furthermore, the EIS test does not appear to significantly accelerate the corrosion reaction and can also be nondestructively conducted in situ. This technique is more effective for studying localized corrosion occurring via small pores. 20, 25 Representative EIS curves obtained from the coated sample as a function of immersion time in SBF are depicted in Fig. 6 . At the beginning of immersion, the electrochemical corrosion process has three time constants, one capacitive loop at high frequency, one capacitive loop at medium frequency, and a pseudoinductive loop at low frequency. The highfrequency behavior of EIS is associated with electrolyte penetration, including water uptake and salt intrusion. The properties of the deposited coating and their alteration can be determined at a higher frequency. The capacitive arcs generally result from charge transfer, film effects, as well as mass transfer. Usually, the low-frequency region in EIS contains important information on the electrodecontrolled process together with the contribution from localized de- 
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Journal of The Electrochemical Society, 155 ͑5͒ C178-C182 ͑2008͒ C180 fects to the overall impedance. 20 The presence of a pseudoinductive loop can probably be ascribed to the existence of relaxation processes involving the absorbed species at the vulnerable region, 26 indicating the nucleation of corrosion pits. 27 Taking the physical structure of the electrode system and its impedance response into account, the EC of the coated alloy/solution system is proposed and shown in Fig. 7 . C c and C s , the constant phase element ͑CPE͒ components, reflect the dielectric behavior of the electrolyte/coating and electrolyte/substrate, respectively. R po is the relevant resistance referred to the pore or ionic conducting defect resistance. R t is the Faraday charge transfer resistance related to the electrochemical reaction at the interface of the electrolyte/substrate. R s is the solution resistance between the reference and working electrodes but has nothing to do with the electrode process. Its value depends on the conductivity of the test medium and the geometry of the cell. 20 As usual, R s is placed in series with other elements of the circuit.
The EIS fitting results of the coated alloy are listed in Table I . At the beginning of immersion, the system shows large values of C c . With prolonged exposure, C c progressively increases. The capacitance of electrolyte/substrate, C s , of the typical alloy/solution system varies from 10 to 100 F. 20 Its value also increases with exposure time. Both the enhancement of C c and C s can be attributed to the enlargement of the vulnerable region due to the intrusion of the corrosion media. At the beginning, the system also shows a high R t , implying high corrosion resistance of the coated alloy, and with longer immersion time, R t decreases dramatically. It is known that physical vapor deposit coatings most often have growth defects, such as pores and pinholes, through which corrosion of the substrate take place more easily. This situation is even more severe if the coated system is exposed to an aggressive environment, for instance, Cl − containing corrosion media due to the strong effects of Cl − in promoting local corrosion. Furthermore, due to the much lower corrosion resistance of the magnesium substrate, as soon as corrosion at the vulnerable sites occurs, even on a very tiny site, serious corrosion of the Mg substrate ensues quickly, leading to the exfoliation of the coating in the vicinity, and the damaged sites expand quickly. The fast drop in the R t value can be ascribed to this mechanism as well as the rapid evolution of the damaged sites. Here, m and n are indices of the dispersion effect of the CPE components, C c and C s , respectively, denoting their deviations from the ideal capacitance due to the inhomogeneity and roughness of the electrode on the micro scale. The values of m and n are always 0 Ͻ m and n Ͻ 1. It is obvious that the values of m and n in our experiments are in this range.
For comparison, the EIS spectrum of uncoated alloy as a function of immersion time is displayed in Fig. 8 . Initially, three loops ͑a capacitive loop at high frequency, a capacitive loop at medium frequency, and an inductive loop at low frequency͒ can be observed. When the sample is immersed in SBF, corrosion takes place on the entire surface and an aforementioned corrosion layer quickly forms. The capacitive arcs are attributed to charge transfer, film effects, as well as mass transfer in the corrosion products layer. The presence of the inductive loop arises from dissolution and formation of the corrosion layer at vulnerable areas. With longer immersion time, the inductive loop becomes larger, implying thickening of the product layer and progressively increased protection at the vulnerable sites.
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Conclusion
A dense and uniform Al 2 O 3 /Al bilayered coating 1 m thick has been successfully deposited on AZ91 magnesium alloy using cathodic arc deposition. The corrosion potential of the coated alloy is much more positive than that of the untreated alloy. EIS results reveal dramatic improvement in the corrosion resistance on the coated alloy. Because of electrolyte penetration, protection offered by the deposited coating deteriorates with immersion time, but after 18 h of immersion, the coated sample still exhibits good corrosion resistance. 
